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This letter reports the modification of magnetism in a magnetic insulator Y3Fe5O12 thin film by topological surface 
states (TSS) in an adjacent topological insulator Bi2Se3 thin film.  Ferromagnetic resonance measurements show that 
the TSS in Bi2Se3 produces a perpendicular magnetic anisotropy, results in a decrease in the gyromagnetic ratio, and 
enhances the damping in Y3Fe5O12.  Such TSS-induced changes become more pronounced as the temperature decreases 
from 300 K to 50 K.  These results suggest a completely new approach for control of magnetism in magnetic thin films. 
 
Topological insulators can be characterized by a 
gap in the bulk band structure and a linear Dirac cone in 
the bulk gap for the surface states.  When a topological 
insulator (TI) is interfaced with or in proximity to a 
magnetic insulator (MI) with perpendicular 
magnetization, the magnetic ordering in the MI can 
break the time-reversal symmetry of and open a gap at 
the Dirac point of the topological surface states (TSS) 
at the MI/TI interface.  This can lead to formation of a 
quantum anomalous Hall insulator and an axion 
insulator when the Fermi level is within the gap opened 
by the MI;
1,2,3
 when the Fermi level is not in the gap, 
the conventional anomalous Hall effect
4 , 5 ,6 , 7
 and the 
topological Hall effect
8
 are observed. Further, the 
proximity to a MI may also induce magnetic 
moments
9,10,11,12,13
 and negative magnetoresistance
14
 in 
the TI.  These effects are intriguing fundamental 
phenomena and yet of great technological importance 
and have therefore attracted considerable interests in 
recent years.   
In contrast, the inverse effect of the TSS in the TI 
on the magnetism in the MI remain largely unexplored.  
Theory indicates several interesting phenomena in this 
context: the TSS in a TI film can induce a perpendicular 
magnetic anisotropy (PMA) in an adjacent MI 
film,
15,16,17
 lead to a change in the gyromagnetic ratio () 
in the MI,
17
 or produce an extra damping in the MI that 
should scale with the electron relaxation time.
17
  So far, 
experiments have neither observed the formation of 
PMA nor a change in   induced by TSS.  Recent 
experiments have demonstrated the enhancement of 
damping in MI/TI structures, but its relationship with 
the relaxation time has not been explored.
18,19,20 
This letter reports on the effects of the TSS on the 
magnetism in a bi-layered structure that consists of a 
topological insulator Bi2Se3 film grown on the top of a 
magnetic insulator Y3Fe5O12 (YIG) film.  
Ferromagnetic resonance (FMR) in such bilayers was 
measured as a function of temperature (T), microwave 
frequency, and field angle.  The analysis of the FMR 
data yields four important results. First, the TSS 
produce a PMA in the YIG film, as expected 
theoretically.
15,16,17
  Second, the TSS results in a 
decrease of 1% in the absolute gyromagnetic ratio (||) 
of the YIG film. Third, the TSS significantly enhance 
the damping in the YIG, as predicted;
17
 the resulting 
damping is one order of magnitude larger than the 
intrinsic damping.  Finally, the TSS-produced effects 
become stronger when T is decreased from 300 K to 50 
K.  These results can be understood in terms of the 
spatial penetration of the TSS into the YIG and the 
corresponding enhancement of spin-orbit coupling in 
the YIG.
16  
One can speculate that the stronger effect at 
low T is likely associated with the conductivity 
enhancement of the TSS at low T.
6
  Control 
measurements clearly confirm that the measured 
changes of the magnetic properties of the YIG are not 
due to permanent changes in the YIG film quality 
created by the overgrowth of Bi2Se3.  Rather, these 
changes are indeed due to the TSS.  These results 
2 
 
suggest a new way for control of magnetism in 
magnetic thin films. 
Figure 1 presents the main data of this work.  
Figure 1(a) illustrates the experimental configuration.  
Figures 1(b)-1(f) present the FMR data measured at 
room temperature; the blue and red points show the 
data for the 15-nm-thick YIG film before and after, 
respectively, the growth of an 8-nm-thick Bi2Se3 film 
on the top.  The details about the growth and 
characterization of these films are provided in the 
Supplementary Materials.
21
  The TSS in the discussions 
below refer to the topological electronic states at the 
YIG/ Bi2Se3 interface, not the top surface of the Bi2Se3 
film. 
Figure 1(b) shows representative FMR profiles 
measured at a frequency (f) of 8 GHz in an in-plane 
field (H).  The circles show the data; the black and gray 
curves show fits to the derivatives of a Lorentzian 
function and a Gaussian function, respectively.  Three 
results are evident in Fig. 1(b).  First, the growth of the 
Bi2Se3 film leads to a notable shift of the resonance to a 
higher field, which is due to TSS-produced PMA, as 
discussed shortly.  Second, the Bi2Se3 growth results in 
linewidth broadening, a consequence of damping 
enhancement due to the TSS, as explained below.  
Third, the Lorentzian fit is better than the Gaussian fit. 
This indicates that the film inhomogeneity contribution 
to the FMR linewidth is small.  The FMR field (HFMR) 
and linewidth (H) data presented below are from the 
Lorentzian fitting; H represents the peak-to-peak 
linewidth.  
To confirm the above-described HFMR shift and H 
enhancement, FMR measurements were repeated at 
different frequencies.  Figure 1(c) presents the HFMR 
data, while the H data are shown in Fig. 1(f).  The 
lines in Fig. 1(c) show the fits to 
  | |√    (           )           (1) 
where        denotes the difference between the 
saturation induction      and anisotropy field    of 
the YIG film, namely,               .       
and      correspond to the presence of a PMA and 
an easy-plane anisotropy, respectively.  The fitting of 
the data from the bare YIG film yields | |         
MHz/kOe and                   G.  The 
| | value is close to the standard value.  The 
       value is close to the      value of bulk YIG 
 
FIG. 1. Modulation of ferromagnetic resonance (FMR) properties of a 15-nm YIG film by the TSS in an adjacent 8-nm Bi2Se3 
film.  (a) Schematic of a YIG/Bi2Se3 bilayer.  (b) FMR profiles measured on the YIG film before (blue) and after (red) the growth 
of the Bi2Se3 film on top.  (c) and (f) show the FMR field HFMR and linewidth H, respectively, measured at different frequencies 
(f) for the YIG film before (blue) and after (red) the Bi2Se3 growth.  (d) and (e) present HFMR measured as a function of the field 
angle  on the YIG film before and after, respectively, the Bi2Se3 growth.   
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(1750 G),
22
 indicating that the anisotropy in the YIG 
film is very weak.  
The fitting of the data from the YIG/Bi2Se3 sample, 
however, yields different values.  Specifically, one has 
| |         MHz/kOe, which is 22 MHz/kOe or 
0.78% smaller than that of the bare YIG sample.  This 
change is an order of magnitude larger than the error 
bars and therefore represents a real change.  On the 
other hand,       is equal to            G, which 
is 60.8 G lower than that in the bare YIG sample.  This 
reduction indicates either a decrease in      of 60.8 G 
or the presence of a PMA with         Oe.  Previous 
work has shown that in a MI/TI bilayer, the TSS should 
not result in a change in     .
16
  Further, after the 
removal of the Bi2Se3 film the        value returns to 
the value of the bare YIG sample, as shown below.  
These facts suggest that the reduction of        is not 
a trivial consequence of a change in      created 
simply by the growth of a Bi2Se3 film on the top of the 
YIG film.  Thus, one can conclude that the reduction of 
       results from the presence of a PMA due to the 
TSS; such a TSS-produced PMA has been predicted by 
three separate studies but has never been observed 
experimentally.
15,16,17
  Note that another possible reason 
for the        reduction is the dynamic separation of 
interface moments from the bulk moments in the YIG 
thin film, but this seems to be unlikely because the 
FMR profiles consist of well-defined single peaks with 
expected Lorentzian shape. 
The data in Figs. 1(b) and 1(c) were measured with 
in-plane fields.  To further confirm the above results 
about TSS-produced | | reduction and PMA formation, 
FMR measurements on the same samples were also 
performed as a function of the field angle () relative to 
the film normal.  Figures 1(d) and 1(e) present the HFMR 
vs.  data for the bare YIG sample and the YIG/Bi2Se3 
sample, respectively.  As indicated by the horizontal 
dashed lines, the growth of the Bi2Se3 film leads to 
changes in the HFMR vs.  response.  To describe such 
changes more quantitatively, the data were fitted to
23
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where   is the angle of the equilibrium magnetization 
relative to the film normal that can be found according 
to 
       (   )  
 
 
         (  )           (3) 
The fitting yields | |         MHz/kOe for 
the YIG sample and| |         MHz/kOe for the 
YIG/Bi2Se3 sample, which indicate a decrease of 1.02% 
in | | due to the Bi2Se3 growth.  The fitting also yields 
4              G for the YIG sample and 
              G for the YIG/Bi2Se3 sample, 
which indicate the presence of a PMA field of 67 Oe 
after the Bi2Se3 growth.  These results support those 
from the f-dependent measurements. 
In addition to modifying | | and producing a PMA, 
the TSS also lead to an enhanced damping in the YIG, 
as indicated by the H data in Fig. 1(f).  In the figure, 
the circles show the H data, while the lines show a fit 
to 
   
     
√ | |
             (4) 
where      is the effective damping constant and     
denotes the inhomogeneity line broadening.  The data 
indicate that the Bi2Se3 growth gives rise to a rather 
significant increase in H of the YIG.  For example, 
H at f=10 GHz increased from 10.1±0.3 Oe for the 
bare YIG film to 26.0±0.3 Oe for the YIG/Bi2Se3 
bilayer. The data also indicate that the increase of H is 
mostly due to the increase of the slope of the H vs. f 
response, namely, due to a rise in     , rather than due 
to an increase in    .  These results, together with the 
facts that (i) the Lorentzian function fits better the FMR 
profiles than the Gaussian function and (ii) after the 
removal of the Bi2Se3 film H returns to the initial 
value for the bare YIG film, evidently indicate that the 
Bi2Se3 film-caused H increase is not due to 
inhomogeneity line broadening, but is rather due to an 
enhancement in     .   
The fitting in Fig. 1(f) yields     =(4.841.31)10
-
4
 for the YIG film.  This value is one or two orders of 
magnitude smaller than that in metallic films, indicating 
the high quality of the YIG.  For the YIG/Bi2Se3 sample, 
however, the fitting yields     =(35.61.5)10
-4
, which 
is 635% larger than that for the bare YIG film.  If one 
defines       as the TSS-induced damping 
enhancement, one obtains      30.810
-4
. 
The above-presented data show that the TSS in the 
Bi2Se3 can produce a PMA, result in a decrease in ||, 
and enhance      in the YIG.  These results may be 
attributed to the extension of the TSS into a few atomic 
layers of the YIG film near the interface, as discussed 
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previously for EuS/Bi2Se3 bilayers where EuS is also a 
magnetic insulator.
16
  Due to the spin-momentum 
locking of the TSS, such spatial penetration enhances 
spin-orbit coupling (SOC) in the YIG.  Theory shows 
that this enhanced SOC can give rise to a PMA, as the 
magnetic anisotropy energy in a material is 
fundamentally related to the SOC of the material.  On 
the other hand, the enhanced SOC can lead to a nonzero 
orbital moment in the YIG and thereby result in a 
change in the Landé g factor.  Note that g depends on 
the ratio of the orbital moment (  ) to the spin moment 
(  ).  In the absence of SOC,    is usually quenched for 
any crystal structures with cubic symmetry, and one has 
     =0 and g=2.  In the presence of SOC, however, 
   is no longer quenched and g is no longer equal to 
2.
24,25
  As || is related to g through | |  
   
 
, a change 
in g results in a change in ||. Here,    is the Bohr 
magneton, and   is the reduced Planck’s constant.     
Further, the TSS extension at the interface also 
results in strong coupling between the magnetization in 
the YIG and the conduction electrons in the Bi2Se3; this 
interfacial coupling produces additional damping,
17
 
namely,      , for the magnetization dynamics in the 
YIG, via a process similar to intra-band magnon-
electron scattering in ferromagnets.  The intra-band 
scattering involves the breathing of the Fermi surface 
driven by magnetization precession and the re-
population of electrons to the breathing Fermi surface; 
the lag in the electron re-population causes a damping 
to the precession.
26,27,28
 
With the above elucidation, one would naturally 
expect that the effects should be stronger at low T 
because the TSS in Bi2Se3 is more pronounced at low T.  
It is known that, because the scattering of surface state 
electrons with phonons in Bi2Se3 becomes weaker as T 
decreases, the conductivity of the TSS (    ) increases 
with a decrease in T, giving rise to more robust TSS at 
low T.
6
  To check this expectation, FMR measurements 
on the exactly same samples were carried out as a 
function of T.  Figure 2 shows the main data, which 
were measured with a 9.47-GHz cavity.  Figure 2(a) 
presents the HFMR vs. T data.  For both the samples, 
HFMR decreases with a decrease in T.  This results from 
the T-dependence of     .  The data also show that 
HFMR for the YIG/Bi2Se3 sample is higher than that for 
the bare YIG film over the entire T range, as for the 
above-presented room-temperature data.  Figure 2(b) 
shows the difference between the two HFMR fields 
(HFMR).  The data show a clear overall trend, namely, 
that HFMR increases with a decrease in T.  This is 
consistent with the expectation; according to Eq. (1), a 
higher field is needed to satisfy the FMR condition if 
 
FIG. 2. Temperature (T) dependence of TSS-induced modulation of FMR properties in a YIG/Bi2Se3 bilayer.  (a) and (c) show 
FMR field HFMR and linewidth H, respectively, as a function of T of a 15-nm YIG film before and after the growth of an 8-nm 
Bi2Se3 film on the top.  (b) Difference of HFMR before and after the Bi2Se3 growth, as a function of T.  (d) TSS-produced damping 
enhancement αTSS as a function of T.  The FMR data were measured at 9.47 GHz under an in-plane field. 
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Ha is increased and || is reduced due to a decrease in T.  
Figure 2(c) presents the corresponding H data.  One 
can see that the Bi2Se3-induced H enhancement 
becomes much more significant with a decrease in T.  
Since the Bi2Se3-induced H enhancement is mainly 
due to      , as justified above, one can evaluate 
      at different T using the data in Fig. 2(c).  The 
resultant       values are given in Fig. 2(d).  It is 
evident that       increases with a decrease in T, as 
expected.      
In spite of the above-presented consistency, there is 
a possibility that the Bi2Se3-induced changes of the YIG 
properties presented in Figs. 1 and 2 are not due to the 
TSS, but rather due to permanent changes in the YIG 
properties caused by the overgrowth of Bi2Se3.  To rule 
out this possibility, control measurements were 
conducted that compare the FMR properties of the YIG 
film prior to the Bi2Se3 growth, after the Bi2Se3 growth, 
and after the removal of the Bi2Se3 film.  The Bi2Se3 
removal was realized through annealing of the sample 
in Ar at 350 ˚C for 2 min.  
Figure 3 presents the main data.  The data in Fig. 
3(a) show that the growth of a Bi2Se3 film results in a 
notable shift of the resonance to a higher field and a 
substantial broadening of the resonance; after the 
removal, however, the resonance changes back to that 
of the YIG film before the Bi2Se3 growth.  Figures 3(b) 
and 3(c) compare the HFMR and H data, respectively. 
The data show that after the removal of the Bi2Se3, the 
FMR properties of the YIG are notably different from 
those of the YIG film with a Bi2Se3 capping layer but 
are very similar to those of the YIG film before the 
growth of Bi2Se3 over the entire T range.  These results 
prove that the changes of the magnetic properties 
presented in Figs. 1 and 2 are not due to the Bi2Se3 
growth-produced “permanent” changes in the YIG 
properties but are rather associated with the TSS in the 
Bi2Se3 film. 
Additional control measurements were performed 
on the bi-layered samples where the 8-nm Bi2Se3 
capping layer was replaced by an 8-nm Au film, which 
is a heavy metal, or an 8-nm (Bi0.75In0.25)2Se3 
film,
29303132
 which is a topologically trivial insulator.  
The measurements show that the changes of || and 
     due to the growth of the Au or (Bi0.75In0.25)2Se3 
film are significantly smaller than the above-present 
changes, and the growth of Au or (Bi0.75In0.25)2Se3 did 
not result in a PMA in the YIG, as discussed in the 
Supplementary Materials. As (Bi0.75In0.25)2Se3 has a 
crystal structure and a bulk band structure very similar 
to those in Bi2Se3, the comparison of the results of 
YIG/(Bi0.75In0.25)2Se3 and YIG/Bi2Se3 suggests that the 
changes of the YIG magnetic properties due to the 
Bi2Se3 growth are unlikely associated with the 
interfacial hybridization of electronic states below the 
Fermi level.    
Several pertinent remarks should be made about 
the above results.  (1) It is known that the FMR method 
represents an effective technique for measuring || and 
has been previously used to study how || in 
ferromagnetic films varies with the film thickness.
24,25
  
(2) Previous theoretical work indicates that       
should scale with the electron relaxation time ().17  
Since  increases with a decrease in T, one would 
expect       to also increase with a decrease in T.  
This means that the T dependence of       in Fig. 2(d) 
may have two origins, the T dependence of      and the 
T dependence of .  This likely explains why       
 
FIG. 3. Comparison of FMR properties of a 15-nm YIG film before and after the growth of an 8-nm Bi2Se3 film on the top, and 
after the removal of the Bi2Se3 film.  (a) Comparison of FMR profiles.  (b) Comparison of the FMR field HFMR vs. T responses.  
(c) Comparison of the FMR linewidth H vs. T responses.  The FMR data were all measured at 9.47 GHz under an in-plane field. 
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exhibits a much stronger T dependence than HFMR.  (3) 
      had also been observed recently in similar 
bilayers,
18,19
 but the T dependence of       in Fig. 2(d) 
was not observed.  Further, in-plane anisotropy, rather 
than PMA, was observed in those bilayers.
18,19 
 (4) One 
can expect that the TSS-produced effects should be 
stronger for a thinner YIG film but weaker for a thicker 
film, due to the nature of the TSS penetration at the 
interface.  Indeed, weaker effects were observed in a 
YIG(30 nm)/Bi2Se3(8 nm) sample (see the 
Supplementary Materials).  FMR measurements on 
bilayers with thinner YIG films were also performed, 
but the data were relatively noisy and did not yield 
reliable results. (5) As discussed in the Supplementary 
Materials, the transport and angle-resolved 
photoemission measurements on the Bi2Se3 film 
indicate that the Fermi level is in the bulk conduction 
band.  Future work is of great interest that tunes the 
Fermi level via voltage gating or composition control 
and thereby study how the Fermi level influences the 
TSS-produced effects.
20
  (6) The Bi2Se3 films in this 
work are 8 nm thick, and films thinner than 8 nm may 
host strong coupling between the states on the opposite 
surfaces.
33,34
  Future work is also of interest that explore 
how such films modify magnetism in adjacent MI films.      
Acknowledgement: This work was supported by 
the U.S. Department of Energy, Office of Science, 
Basic Energy Sciences (DE-SC0018994).  The 
fabrication and characterization of the measurement 
samples were supported mainly by the U.S. National 
Science Foundation (EFMA-1641989; ECCS‐1915849). 
Work at PSU was supported by the Penn State Two-
Dimensional Crystal Consortium-Materials Innovation 
Platform (2DCC-MIP) funded by the U.S. National 
Science Foundation (DMR-1539916). 
   
†Corresponding author. mwu@colostate.edu  
 
  
7 
 
References: 
                                                          
1
 Mogi, M. Kawamura, M., Yoshimi, R., Tsukazaki, A., Kozuka, Y., Shirakawa, N., Takahashi, K. S.,  
Kawasaki, M. & Tokura Y.A magnetic heterostructure of topological insulators as a candidate for axion 
insulator. Nat. Mater. 16, 516 (2017).              
2
 Mogi, M., Kawamura, M., Tsukazaki, A., Yoshimi, R., Takahashi, K. S., Kawasaki, M. & Tokura, 
Y.Tailoring tricolor structure of magnetic topological insulator for robust axion insulator. Sci. Adv. 3, 
1669 (2017). 
3
 Xiao, D., Jiang, J., Shin, J. H., Wang, W., Wang, F., Zhao, Y. F., Liu, C., Wu, W., Chan, M. H. W., 
Samarth, N. & Chang, C. Z. Realization of the Axion Insulator State in Quantum Anomalous Hall 
Sandwich Heterostructures. Phys. Rev. Lett. 120, 056801 (2018). 
4
 Wei, P., Katmis, F., Assaf, B. A., Steinberg, H., Jarillo-Herrero, P., Heiman, D. & Moodera, J. 
S.Exchange-Coupling-Induced Symmetry Breaking in Topological Insulators.  Phys. Rev. Lett.  110, 
186807 (2013). 
5
 Tang, C., Chang, C. Z., Zhao, G., Liu, Y., Jiang, Z., Liu, C. X., McCartney, M. R., Smith, D. J., Chen, T.  
Moodera, J. S. & Shi, J. Above 400-K robust perpendicular ferromagnetic phase in a topological 
insulator. Sci. Adv. 3, 1700307 (2017). 
6
 Li, P., Kally, J., Zhang, S. S.-L., Pillsbury, T., Ding, J., Csaba, G., Ding, J., Jiang, J. S., Liu, Y., Sinclair, 
R. et al. Magnetization switching utilizing topological surface states. Sci. Adv. 5, eaaw3415 (2019) 
7
 Jiang, Z., Chang, C.-Z., Tang, C., Wei, P., Moodera, J. S. & Shi, J. Independent tuning of electronic 
properties and induced ferromagnetism in topological insulators with heterostructure approach. Nano 
Lett. 15, 5835–5840 (2015). 
8
 Jiang, J., Xiao, D., Wang, F. et al. Concurrence of quantum anomalous Hall and topological Hall effects 
in magnetic topological insulator sandwich heterostructures. Nat. Mater. (2020). 
https://doi.org/10.1038/s41563-020-0605-z 
9
 Katmis, F., Lauter, V., Nogueira, F. S., Assaf, B. A., Jamer, M. E., Wei, P., Satpati, B., Freeland, J. W., 
Eremin, I., Heiman, D. et al.  A high-temperature ferromagnetic topological insulating phase by 
proximity coupling, Nature 533, 513 (2016). 
10
 Lee, C., Katmis, F., Jarillo-Herrero, P., Moodera, J. S. & Gedik, N. Direct measurement of proximity-
induced magnetism at the interface between a topological insulator and a ferromagnet, Nat. Commun. 7, 
12014 (2016).   
11
 Li, M., Chang, C.-Z., Kirby, B. J., Jamer, M. E., Cui, W., Wu, L., Wei, P., Zhu, Y., Heiman, D., Li, J. 
& Moodera, J. S. Proximity-driven enhanced magnetic order at ferromagnetic-insulator-magnetic-
topological-insulator interface, Phys. Rev. Lett. 115, 087201 (2015). 
12
 Liu, W., He, L., Xu, Y., Murata, K., Onbasli, M. C., Lang, M., Maltby, N. J., Li, S., Wang, X., Ross, C. 
A et al. Enhancing magnetic ordering in Cr-doped Bi2Se3 using high-TC ferrimagnetic insulator, Nano 
Lett. 15, 764 (2015). 
13
 He, Q. L., Kou, X., Grutter, A. J., Yin, G., Pan, L., Che, X., Liu, Y., Nie, T., Zhang, B., Disseler, S. M. 
et al. J. A. Borchers, K. L. Wang, Tailoring exchange couplings in magnetic topological 
insulator/antiferromagnet heterostructures, Nat. Mater. 16, 94 (2017). 
8 
 
                                                                                                                                                                                           
14
 Yang, Q. I., Dolev, M., Zhang, L., Zhao, J., Fried, A. D., Schemm, E., Liu, M., Palevski, A., Marshall, 
A. F., Risbud, S. H., & Kapitulnik, A. Emerging weak localization effects on a topological insulator–
insulating ferromagnet (Bi2Se3-EuS) interface, Phys. Rev. B 88, 081407 (2013). 
15
 Semenov, Y. G., Duan, X., & Kim, K. W. Electrically controlled magnetization in ferromagnet-
topological insulator heterostructures. Phys. Rev. B 86, 161406(R) (2012). 
16
Kim, J., Kim, K. W., Wang, H., Sinova, J. & Wu, R. Understanding the Giant Enhancement of 
Exchange Interaction in Bi2Se3−EuS Heterostructures. Phys. Rev. Lett. 119, 027201 (2017). 
17
 Xiong, B., Chen, H., Li, X. & Niu, Q.  Electronic contribution to the geometric dynamics of 
magnetization. Phys. Rev. B 98, 035123 (2018). 
18
 Tang, C., Song, Q., Chang, C.-Z., Xu, Y., Ohnuma, Y., Matsuo, M., Liu, Y., Yuan, W., Yao, Y., 
Moodera, J. S. et al. Dirac surface state–modulated spin dynamics in a ferrimagnetic insulator at room 
temperature. Sci. Adv. 4, 8660 (2018). 
19
 Fanchiang, Y. T., Chen, K. H. M., Tseng, C. C., Chen, C. C., Cheng, C. K., Yang, S. R., Wu, C. 
N., Lee, S. F., Hong, M. & Kwo, J. Strongly exchange-coupled and surface-state modulated 
magnetization dynamics in Bi2Se3/yttrium iron garnet heterostructures. Nat. Commun. 9, 223 (2018). 
20
 Wang, H., Kally, J., Şahin, C., Liu, T., Yanez, W., Kamp, E. J., Richardella, A., Wu, M., Flatté, M. E. & 
Samarth, N. Fermi Level Dependent Spin Pumping from a Magnetic Insulator into a Topological 
Insulator. Phys. Rev. Research. 1, 012014(R) 
21
 See the Supplemental Material for details about the film growth and characterization, which includes 
Refs. [35] and [36]. 
22
 Sun, Y. & Wu, M. “Yttrium iron garnet nano films: epitaxial growth, spin-pumping efficiency, and Pt-
capping-caused damping,” in Solid State Physics, edited by Wu, M. & Hoffmann, A. (Academic Press, 
Burlington, 2013), Vol. 64, pp. 157–191. 
23
 Richardson, D., Katz, S., Wang, J., Takahashi, Y. K., Srinivasan, K., Kalitsov, A., Hono, K., Ajan, A. & 
Wu, M.  Near-Tc Ferromagnetic Resonance and Damping in FePt-Based Heat-Assisted Magnetic 
Recording Media. Phys. Rev. Applied 10, 054046 (2018). 
24
 Shaw, J. M., Nembach, H. T., & Silva, T. J. Measurement of orbital asymmetry and strain in 
Co90Fe10/Ni multilayers and alloys: Origins of perpendicular anisotropy. Phys. Rev. B 87, 054416 
(2013). 
25
 Shaw, J. M., Nembach, H. T., Silva T. J., & Boone, C. T.  Precise determination of the spectroscopic g-
factor by use of broadband ferromagnetic resonance spectroscopy. J. Appl. Phys. 114, 243906 (2013). 
26
 Kuneš, J.  & Kamberský, V. First-principles investigation of the damping of fast magnetization 
precession in ferromagnetic 3d metals. Phys. Rev. B 65, 212411 (2002). 
27
 Kamberský, V.  Spin-orbital Gilbert damping in common magnetic metals. Phys. Rev. B 76, 134416 
(2007). 
28
 Gilmore, K., Idzerda, Y. U. & Stiles, M. D.  Identification of the Dominant Precession-Damping 
Mechanism in Fe, Co, and Ni by First-Principles Calculations. Phys. Rev. Lett. 99, 027204 (2007). 
9 
 
                                                                                                                                                                                           
29
 Brahlek, M., Bansal, N., Koirala, N., Xu, S.-Y., Neupane, M., Liu, C., Hasan, M. Z. & Oh, S. 
Topological-Metal to Band-Insulator Transition in (Bi1-xInx)2Se3 Thin Films. Phys. Rev. Lett. 109, 
186403 (2012). 
30
 Wu, L., Brahlek, M., Aguilar, R. V., Stier, A. V., Morris, C. M., Lubashevsky, Y., Bilbro, L. S., Bansal, 
N., Oh, S. & Armitage, N. P.  A sudden collapse in the transport lifetime across the topological phase 
transition in (Bi1-xInx)2Se3, Nature Phys. 9, 410 (2013). 
31
 Liu, J. & Vanderbilt, D., Topological phase transitions in (Bi1-xInx)2Se3 and (Bi1-xSbx)2Se3. Phys. Rev. B 
88, 224202 (2013). 
32
 Brahlek, M. J., Koirala, N., Liu, J., Yusufaly, T. I., Salehi, M., Han, M.-G., Zhu, Y., Vanderbilt, D. & 
Oh, S. Tunable inverse topological heterostructure utilizing (Bi1-xInx)2Se3 and multichannel weak-
antilocalization effect, Phys. Rev. B 93, 125416 (2016). 
33
 Shan, W.-Y., Lu, H.-Z. & Shen, S.-Q. Effective continuous model for surface states and thin films of 
three-dimensional topological insulators. New J. Phys. 12, 043048 (2010) 
34
 Zhang, Y., He, K., Chang, C.-Z., Song, C.-L., Wang, L.-L., Chen, X., Jia, J.-F., Fang, Z., Dai, X., 
Shan, W.-Y. et al. Crossover of the three-dimensional topological insulator Bi2Se3 to the two-
dimensional limit. Nature Phys. 6, 584–588 (2010) 
35
 Wang, H., Kally, J., Lee, J. S., Liu, T., Chang, H., Hickey, D. R., Mkhoyan, K. A., Wu, M., Richardella, 
A. & Samarth, N. Surface-State-Dominated Spin-Charge Current Conversion in Topological-Insulator–
Ferromagnetic-Insulator Heterostructures, Phys. Rev. Lett. 117, 076601 (2016). 
36
 Wang, H., Chen, J., Liu, T., Zhang, J., Baumgaertl, K., Guo, C., Li, Y., Liu, C., Che, P., Tu, S. et al. 
Chiral Spin-Wave Velocities Induced by All-Garnet Interfacial Dzyaloshinskii-Moriya Interaction in 
Ultrathin Yttrium Iron Garnet Films. Phys. Rev. Lett.  124, 027203 (2020).   
